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Based on rare fluctuations in strong interactions, we argue that there is a strong physical resem-
blance between the high multiplicity events in photo-nuclear collisions and those in pA collisions,
in which interesting long range collective phenomena are discovered. This indicates that the collec-
tivity can also be studied in certain kinematic region of the upcoming Electron-Ion Collider (EIC)
where the incoming virtual photon has a sufficiently long lifetime. Using a model in the Color
Glass Condensate formalism, we first show that the initial state interactions can explain the recent
ATLAS azimuthal correlation results measured in the photo-nuclear collisions, and then we provide
quantitative predictions for the long range correlations in eA collisions in the EIC regime. With
the unprecedented precision and the ability to change size of the collisional system, the high lumi-
nosity EIC will open a new window to explore the physical mechanism responsible for the collective
phenomenon.
1. Introduction Collective phenomenon seems to be
ubiquitous and is observed almost everywhere in high en-
ergy hadron-hadron collisions. Observations of the non-
trivial azimuthal angle correlations (also known as flow
harmonics) in heavy ion collisions, i.e. nucleus-nucleus
collisions, have informed us a lot of interesting physics
regarding the collective behavior and other physical prop-
erties of quark gluon plasma. Moreover, greatly to our
surprise, when only high multiplicity events are selected,
unexpected collectivity can also be found in small colli-
sional systems such as proton-nucleus and proton-proton
collisions. There has also been tremendous amount of
undisputed evidence[1–8] which suggests the existence of
the long range collective phenomenon in small systems
in the last decade in both RHIC and the LHC. In addi-
tion, sizable signals of collectivity have been found not
only for soft and light hadrons but also for heavy flavor
mesons[9–12] in small systems.
Central to a lot of experimental and phenomenologi-
cal studies on the collectivity are the physics origin and
quantitative interpretation of the long range correlation
in small systems. The collectivity is quantitatively de-
fined as the Fourier coefficients of the azimuthal angu-
lar correlation of the measured particle vn ≡ 〈cosn∆φ〉,
where ∆φ is the azimuthal angle difference between the
measured particle and the reference angle. Convention-
ally, vn is also known as the n-th flow harmonics, since
the relativistic hydrodynamics framework can quantita-
tively and successfully explain[13–24] the collective be-
havior of soft light hadrons measured at both RHIC and
the LHC. In this framework, the underlying physics de-
grees of freedom becomes relativistic fluids, since the
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number of produced particles after initial collisions are
usually assumed to be sufficiently large in high multi-
plicity events. As a result, the collective behavior of fi-
nal state particles is interpreted as the final state energy
anisotropy of the evolved fluid with certain initial spa-
tial anisotropy. However, the hydrodynamics framework
together with other final state effects does not generate
enough anisotropies for heavy flavor mesons for small sys-
tems, since heavy quarks do not usually flow as much as
light particles. There have been several other alterna-
tive interpretations based on particles scattering models
and kinetic theories, see examples in Refs. [25–28]. Ad-
ditional final state analysis[29] also indicates that final
state effects can only generate a fraction of the elliptic
flow v2 for heavy mesons measured at the LHC [9–11].
Another competitive explanation of the observed col-
lectivity in small systems comes from initial state
interactions[30–61] in the so-called Color Glass Conden-
sate (CGC) framework, which is widely viewed as the
effective theory of Quantum Chromodynamics (QCD)
when the gluon density is high. In CGC, dense gluons
in a high energy hadron typically carry finite amount of
transverse momentum at the order of the saturation mo-
mentum Qs. For example, the amount of transverse mo-
mentum broadening that a high energy quark receives
after traversing a dense nuclear target is roughly Q2sA,
with QsA the corresponding saturation momentum of
the nuclear target. In this case, the multiple interac-
tions between the quark probe and the dense gluon tar-
get can be described by a color dipole in the coordinate
space. Now suppose one considers the interactions be-
tween two initially uncorrelated quarks and a target nu-
cleus. The transverse momentum broadening of these
two quarks then can be characterized by two indepen-
dent dipole scattering amplitudes, which contain no cor-
relations. Interestingly, as shown in Refs [57–59], these
two dipoles can also be converted into a quadrupole[62–
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265] during the interaction and non-trivial two particle
azimuthal correlations can arise as the 1/N2c correction
to the independent dipole scattering amplitudes. Using
the extension of the CGC model from Refs [57, 58], not
only can one explain the sizable v2 for J/ψ and open
charm[60] measured in pPb collisions, but also make a
further prediction[61] for the open bottom meson, which
is confirmed by the recent CMS observation[12].
Recently, there have been some more interesting ex-
perimental results regarding the two particle correlations
in e+e− collisions at LEP[66] and in deep inelastic ep
scattering at HERA[67]. First, the experimental effort
based on the analysis of the archived data collected by
the ALEPH detector at LEP so far does not find sig-
nificant long-range correlations in high multiplicity e+e−
collisions. Second, the ZEUS collaboration measured the
two particle azimuthal angle correlations in high mul-
tiplicity ep collisions with virtuality Q2 > 5GeV2, and
finds that the measured correlations are dominated by
minijets contributions while the genuine collective phe-
nomenon is not observed. On the other hand, recent
ATLAS analysis[68] of the photo-nuclear ultra-peripheral
(PbPb) collisions (UPC) indicates the persistence of col-
lective phenomenon in γA collisions with the strength
of correlations comparable to those measured in proton-
proton and proton-lead collisions in similar multiplicity
ranges.
The objective of this paper is to explore the possibil-
ities of observing collectivity at the upcoming Electron-
Ion Collider (EIC)[69–71]. Recently, it has been an-
nounced that the cutting-edge high-luminosity EIC will
be built at the Brookhaven National Laboratory in the
near future. Based on the above-mentioned experimental
observations and theoretical arguments, we believe that
the planned EIC is in a unique position to study the col-
lectivity in small collisional systems and it can help us
unravel the corresponding underlying mechanism. EIC
offers us both ep and eA collisions with different values of
virtuality which provide us additional handles to change
initial conditions for the target and the size (∼ 1/Q) of
the collisional system.
2. Collectivity in γ∗A collisions Let us try to un-
derstand the above seemingly mixed signals from these
three experimental results[66–68] with photons involved.
In our opinion, it is almost certain that the collective
phenomena should also be present in the high multiplic-
ity events in deep inelastic scatterings (DIS) on a heavy
nucleus target. This scattering can be viewed as the col-
lision between a virtual photon with virtuality Q2 and
the target nucleus. Photons, especially low-Q2 ones, can
have a very rich QCD structure. In the field theory lan-
guage, a photon state can be schematically decomposed
as follows
|γ〉 = |γ0〉+
∑
m,n
|mqq¯ + n g〉+
∑
ρ,ω,···
|V 〉+ · · · , (1)
where |γ0〉 represents a point like photon which knocks
out a quark from the target hadron in leading order DIS.
FIG. 1. The cartoon illustrations of high multiplicity events
in pA and γ∗A collisions where important QCD fluctuations
of many active partons can be seen as we zoom in.
In the large xB ≡ Q
2
s regime, the dominant contribution
is described by the point like photon state with the size
of order 1/Q. s is the center-of-mass energy square of
the γ∗A system.
More interesting parts of the photon structure can
arise due to fluctuations when xB is sufficiently small.
For example, a virtual photon can fluctuate into a pair
of quark-antiquark (i.e., a color dipole), which is per-
turbatively calculable in high Q2 regime. In the so-
called Mueller’s dipole frame[72–74], one can find that
the lifetime of the virtual photon fluctuation becomes
much longer than the time of its interaction with the
target hadron, when xB  1/(2MR) with M the nu-
cleon mass and R the size of the target hadron. In gen-
eral, a photon can fluctuate into an arbitrary number of
qq¯ pairs and gluons and eventually emerge as a “color
cloud”. In other words, it can have non-trivial partonic
substructure[75, 76] as well as rare fluctuation[77, 78].
Furthermore, in the low Q2 regime, a photon state may
also be decomposed into a set of vector meson states in-
cluding ρ , ω , φ and heavy quarkonia in the vector meson
dominance model[79]. This model essentially arises from
the fact that these vector mesons have the same quan-
tum numbers as the photon. In high multiplicity events,
due to the rare fluctuation with sufficiently long lifetime,
the incoming low-Q2 virtual photon can be viewed as a
hadron (i.e., a vector meson) with a large set of collinear
partons as illustrated in Fig. 1.
In this sense, in light of the strong resemblance between
the virtual photon and the hadron in hadronic reactions,
we believe that the high multiplicity events in eA DIS
in the low xB and low Q
2 regime is physically equiva-
lent to those in pA collisions, which is independent of the
underlying interpretation of the collective phenomenon.
Therefore, as argued in [68], there should be collective
phenomena in photo-nuclear collisions as well. As to
3DIS with large Q2[67] and e+e− annihilations[66], the
high multiplicity events are dominated by the produc-
tions of mini-jets, which in principle contains little long
range correlation. In our treatment of high multiplicity
events, we focus on the partonic contents of the photon
wavefunction, since they provide a convenient description
of the interactions in high energy collisions.
Experimentally, the discovery of the collective phe-
nomenon strongly relies on the trigger selection of the
rare events with extremely high multiplicities. In these
rare events, fluctuations must play an important role.
From the theoretical perspective, the high multiplicity
event first requires the participance of many active par-
tons in the scattering. In particular, for small systems
such as pPb collisions, this implies that one should con-
sider the rare fluctuation which creates a large number of
active partons inside the proton wave-function. In DIS,
similar many-body partonic structure can also arise from
the wavefunction of virtual photons due to the QCD fluc-
tuation. As to the target nucleus side, in addition to the
possible large number of participating nucleons in the
scattering, one can also expect stronger parton density
in many of those nucleons which leads to larger overall
saturation momentum.
Based on the above assumptions, we can follow the
CGC model developed in Refs [57–61] and compute the
corresponding azimuthal angular correlation in γ∗A col-
lisions by treating the virtual photon as a hadron with a
lifetime longer than the time of interaction. For conve-
nience, our calculation is carried out in the Breit frame.
First, we use the following ansatz for the Wigner distri-
bution to describe the distribution of partons inside the
virtual photon projectile
w(x, b⊥, k⊥) = fp/γ(x)
1
pi2
e−b
2
⊥/Bp−k2⊥/∆2 , (2)
where fp/γ(x) stands for the collinear parton distribution
in the photon projectile with the longitudinal momentum
fraction x, and the impact parameter b⊥ and the initial
transverse momentum k⊥ of the parton are assumed to be
of the Gaussian form with the corresponding variancesBp
and ∆2, respectively. Roughly speaking, Bp character-
izes the spread of partons in transverse coordinate space,
while ∆ gives the typical transverse momentum of the
parton. For proton, one can take Bp = 6GeV
−2 which is
related to the proton size. As to the virtual photon, since
the size of QCD fluctuation is usually confined within the
scale 1/ΛQCD, we set Bp ∼ min[1/Q2 , 1/Λ2QCD] based on
the uncertainty principle.
Second, the parton density in the projectile (e.g., pro-
ton or γ∗) is assumed to be much lower than that in the
target hadron (e.g., heavy nucleus), thus the so-called
dilute-dense factorization can be safely applied to the cal-
culation. In the formalism, partons from the projectile
traverse the background gluon fields of the target hadron,
and then they get produced in the final state with typi-
cal transverse momentum of the order of Qs. The above
physical picture of the multiple scattering with the dense
gluon fields in the target hadron essentially can be cap-
tured by the Wilson line (U(x⊥)) in the eikonal approx-
imation. After squaring the amplitude, one finds that
the partonic process can be written as a color dipole in
the coordinate space. For example, the production of a
quark can be described by
〈D(x⊥, y⊥)〉 = 1
Nc
〈Tr[U(x⊥)U†(y⊥)]〉, (3)
where x⊥ and y⊥ stand for the transverse coordinates
of the quark in the amplitude and complex conjugate
amplitude, respectively. Here 〈· · · 〉 represents the aver-
age over the dense background gluon fields in the target
hadron. For simplicity, we usually approximately write
D(x⊥, y⊥) = exp
(
−Q2sr2⊥4
)
with r⊥ ≡ x⊥ − y⊥. The ex-
ponential form of the dipole amplitude can be understood
as the result of the sum over arbitrary number of gluon
exchanges with the target. It is then straightforward to
see that the Fourier transform of the dipole amplitude
yields a typical transverse momentum of Qs due to the
multiple scattering with the target hadron for the final
state produced quark. For an incoming gluon, one can
simply replace the above quark dipole with a gluon dipole
defined by the Wilson line in the adjoint representation.
In the large Nc limit, a gluon dipole can be written as a
product of two quark dipoles with the same spatial sep-
aration.
Last but not least, to illustrate the rise of the angular
correlation in the CGC formalism, one can consider the
production of two initially un-correlated quarks in the
dense gluon background fields of the target hadron, and
find that the correlation appears as the higher order Nc
corrections in the resulting background average of two
dipole amplitudes which reads
〈D
(
b1 +
r1
2
, b1 − r1
2
)
D
(
b2 +
r2
2
, b2 − r2
2
)
〉
∣∣∣
up to 1
N2c
= e−
Q2s
4 (r
2
1+r
2
2)
[
1 +
1
N2c
Q(r1, b1, r2, b2)
]
, (4)
where the first term represents two un-correlated dipoles
produced in the final state. The second term inside the
square brackets, which is proportional to
Q(r1, b1, r2, b2)
=
(
Q2s
2
r1 · r2
)2 ∫ 1
0
dξ
∫ ξ
0
dηe
ηQ2s
8 [(r1−r2)2−4(b1−b2)2](5)
comes from the color transition between the dipole con-
figuration and the quadrupole configuration. r1 and r2
represents the transverse sizes of these two dipoles, and
b1 and b2 stand for their transverse locations. Similar as
the calculation laid out in Refs [57–61] for pA collisions,
the multi-particle spectra and correlations in high energy
γ∗A collisions then can also be obtained from the Fourier
transform of the above dipole amplitudes, when we treat
the incoming virtual photon as a hadron with many ac-
tive partons in the high multiplicity events. Nevertheless,
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FIG. 2. The comparison with the ATLAS photo-nuclear data
and the resulting v2 from the CGC model calculation by using
∆ = 0.5GeV and Q2s = 5 GeV
2 which are the same as the
parameters used in Refs. [60, 61].
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FIG. 3. The prediction for integrated v2 in the EIC regime.
In this calculation, we fix the photon momentum fraction y ≡
p · q/p · l = 0.9. The theory curves are obtained by setting
Q2s = 4 GeV
2 and varying Q between 0.2 and 1 GeV.
it is worth mentioning that the transverse size ∼ 1/Q of
the incoming photon can vary significantly in contrast
to the fixed size of the proton. In this model calcula-
tion, we have completely discarded the contribution of
the jet-type correlation, which is presumably removed in
the experimental analysis of the long range correlations.
Essentially, from the CGC point of view, azimuthal an-
gular correlations among partons can be generated when
they simultaneously interact with the dense background
gluon fields in the target.
In the two-particle correlation method, v2 is de-
fined as, v2(p
a
T ) ≡ v2,2(paT , pbT )/
√
v2,2(pbT , p
b
T ), where,
v2,2(p
a
T , p
b
T ) ≡ 〈ei2(φa−φb)〉 is the second Fourier har-
monic of the differential two-particle spectrum with paT
and pbT representing different pT ranges for the trigger
and associate particles, respectively. In Fig. 2, we show
the resulting two particle correlations v2 for two differ-
ent values of the maximum integrated transverse momen-
tum pmax⊥ as the function of hadron transverse momen-
tum p⊥ in photo-nuclear reactions in the above CGC
model, and find them in agreement with the recent AT-
LAS data. Our results for the integrated v2 is also in
line with the ATLAS data. In this reaction, the typical
virtuality (Q) of the incoming photon is usually of the or-
der of 30 MeV[80, 81] which is much smaller than ΛQCD.
However, the extent of the QCD fluctuation usually does
not exceed the size 1/ΛQCD due to the color confinement,
and thus Bp is set to be 25 GeV
−2 in this special case.
Although the integrated v2 only weakly depends on the
cut pmax⊥ [48, 49], the differential v2 is also sensitive to the
choice of pmax⊥ when hadron fragmentation functions are
used. Besides, it is important to note that the current
CGC model employed here is only applicable[60, 61] in
the low p⊥ regime.
In Fig. 3, assuming ΛQCD ≤ Q < 1 GeV at EIC and
setting Bp = 1/Q
2 (or 4/Q2), the predictions of the in-
tegrated v2 in the regime of future EIC are shown as the
function of Q/Qs. This plot indicates that sizable collec-
tivity comparable to that in UPC and pPb collisions at
the LHC is expected at EIC from the CGC perspective.
By varying the virtuality (Q) of the incoming photon, we
can study the system size dependence of the initial state
interactions as well. Also, we notice that events with Q2
as low as 0.045 GeV2 were measured at HERA[82]. As Q
increases with fixed Qs, the system size decreases and the
typical spatial distance between the trigger particle and
the reference particle also shrinks, thus these two parti-
cles are more likely to scatter with the same color domain
of the size 1/Qs in the nuclear target. Since the correla-
tion generated in the CGC model usually emerges within
a color domain[44, 48, 49], it is then natural to expect
that v2 increases with increasing Q/Qs ratio. Neverthe-
less, as previously argued, our model is only applicable in
the low-Q2 region where the ratio Q/Qs is small. In addi-
tion, v2 only weakly depends on the value of ∆, which is
assumed to be much smaller than Qs (This is equivalent
to say that the parton density in the target nucleus is
much higher than that in the incoming photon). There-
fore, the resulting v2 at the EIC is only sensitive to the
dimensionless quantity Q/Qs.
3. Discussion and Summary Let us make some further
comments on several interesting aspects of the collective
phenomenon and the resulting impact on the future EIC
research efforts.
First, the high luminosity EIC will offer an unprece-
dented opportunity to study the collective behavior of
high multiplicity events. In particular, we argue that the
system size and collisional energy can be adjusted by se-
lecting high multiplicity events with different values of
photon virtuality Q2 and energy fraction y, respectively.
5Compared to the UPC data from ATLAS[68] with the
integrated luminosity of 1.73 nb−1, the exploration of
collectivity in high multiplicity events should be more
statistically favored at the future EIC with the planned
integrated luminosity 10 fb−1/year. On the other hand,
it appears that this study in ep collisions could be more
challenging even in the EIC era depending on the event
statistics and the underlying mechanism. In ep collisions,
the strength of the saturation effect may not be sufficient
in the context of CGC interpretation, and the number of
high multiplicity events is also a limiting factor. Nev-
ertheless, it is certainly of great importance to compare
the study in EIC to the analysis of HERA data, which
may cast light on the origin of collectivity and rare QCD
fluctuations.
Furthermore, from the point of view of Monte Carlo
simulation, spatial and momentum correlations between
the interacting partons can arise through the nonlin-
ear QCD evolution and the multiple scattering in the
dipole model [83]. In addition, it is interesting to note
that a new event generator[84] for γ∗A collisions based
on Mueller’s dipole evolution[73] is currently under de-
velopment. This allow us to study the initial partonic
geometries of proton and nucleus related to the col-
lective phenomenon. Sophisticated implementations of
these multiple parton interaction contributions in the
PYTHIA/Angantyr[85] can provide simulations for the
parton spatial distributions and their fluctuations in eA
and pA collisions.
Finally yet importantly, the initial state interpretation
in terms of the CGC model may not the only explanation
for the collectivity in γ∗A collisions (if it is confirmed in
the EIC or other experimental studies). The contribution
of final state effects is also of great interest. Sizable initial
eccentricities together with final state interactions such
as hydrodynamics or other final state strong interactions
imply that the similar collective phenomenon may arise
in the high multiplicity DIS events.
In summary, we have analyzed high multiplicity events
in DIS and argued that the collective phenomenon can
also be explored at EIC based on the physical similar-
ity between pA and γ∗A collisions in these events. In
a simplified CGC model, we first show that initial state
effect can describe the recent ATLAS data measured in
the photo-nuclear ultra-peripheral PbPb collisions, and
we further make predictions for the two particle correla-
tions at the planned EIC which can be studied in much
more detail. Eventually, future efforts in this direction
may lead us to a fundamental understanding of the origin
of the collectivity in high energy collisions.
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